Molecular motions of polycrystalline cellobiose have been investigated by measuring proton spin-lattice relaxation times, T 1 and T 1r , and the second moment, M 2 , in both protonated and D 2 O exchanged forms over the temperature range 120-380 K. T 1 relaxation is dominated by the motions of hydroxyl groups between 150 and 380 K, characterised by an activation energy of about 8:74 kJ=mol, whereas T 1r relaxation is driven by the motions of the same groups between 120 and 300 K. T 1r results suggest that hydroxyl groups have a distribution of dynamics. Motion of methylene groups was detected in the second-moment experiments at about 350 K, characterised by activation energy of about 40 kJ=mol. Consideration of the calculated and observed rigid-lattice second moments suggests that the reported X-ray data are incorrect for the inter-proton distance on C6 0 . 13 C CPMAS spectra of both protonated and deuterated cellobiose have also been measured. Spectra of the deuterated material showed the existence of a second crystalline form in addition to the normal form. # 2002 Elsevier Science (USA)
INTRODUCTION
Cellulose is an essential constituent in the assembly of plant cell walls, accounting for up to 50% of the dry weight. It has the significant biological functions of providing cells with mechanical strength and framework. As one of the most abundant natural polymers, it has found many important applications in areas such as food, drug-delivery systems, and in textile and pulping-paper industries. The elucidation of the structural and dynamic properties of cellulose is, therefore, fundamental to understanding its role in plant cell walls and its functionality in applications.
Cellulose occurs in both the crystalline and amorphous forms [1] . Typically, natural cellulose (I) occurs with high degree of crystallinity, ranging from 60% to 90% depending on sources. The structure of cellulose has been well characterised as an unbranched b-1,4-glucan polymer ( Fig. 1 ) using X-ray diffraction techniques [1] . The basic structural unit of cellulose is cellobiose [1] , which is a (b-1,4) dimer of glucose. Solid-state NMR [2] [3] [4] [5] [6] [7] [8] has shown that in the solid-state cellulose exists in four distinct polymorphic forms, namely, cellulose I-IV. Cellulose I, the natural polymorph, occurs in a and b forms.
The importance of cellulose for us is focused on its functions in the plant cell walls. In the previous investigations on structure and dynamics of plant cell walls, it was observed that mobility of cellulose and pectin differed significantly [9] [10] [11] [12] [13] . The hydration effects on their mobility were also drastically different [9] [10] [11] [12] [13] [14] [15] . Although solid-state NMR has been proved a powerful tool to probe the dynamics of polymer systems, its application in plant cell walls, so far, has only revealed the hydrated cellulose and pectin as ''rigid'' and ''mobile'' components, respectively.
In order to address this problem, we have begun a systematic survey of the dynamics of model systems for plant cell wall. Using galacturonic acid and its methyl derivatives as model systems for pectin, we found that the proton relaxation pathways in galacturonic acid, the monomer of pectin backbone, were mainly motions of hydroxyl groups and water of crystallisation [16, 17] . No significant pyran ring motion was detected [17] in the crystalline form.
Whilst the structure of both cellulose [18, 19] and its structural unit, cellobiose [20] [21] [22] (Fig. 1 , n ¼ 1) are known, detailed studies of the molecular dynamics of both of them are still lacking.
1 H NMR relaxation measurements are sensitive to subtle differences in molecular motions, which are present in the cellulose. So far, the 1 H relaxation studies have been limited to showing the relative rigidity of cellulose [23] [24] [25] [26] and distinguishing molecules in the crystalline and paracrystalline domains of the microfibrils [25, 26] . We report, in this paper, results on polycrystalline TANG AND BELTON cellobiose, in both protonated and deuterated forms. NMR measurements of proton spin-lattice relaxation times in both the laboratory and the rotating frames and proton second moment in the temperature range 120-380 K were made. These results are interpreted in terms of molecular motions in the solid state.
EXPERIMENTAL
Materials: Anhydrous cellobiose purchased from Sigma was used as the starting material for all samples. Samples were checked with their 13 C CPMAS spectra. The protonated cellobiose crystals were obtained by re-crystallisation from H 2 O and its nature confirmed by its 13 C CPMAS spectrum (Fig. 2A) ; lyophilisation resulted in some degree of heterogeneity (Fig. 2B ).
Deuterated cellobiose: Cellobiose was dissolved in D 2 O (99.9% D) and lyophilised twice to ensure that most of the exchangeable protons (hydroxyl groups) were replaced by deuterons. This lyophilised sample was not suitable for 1 H NMR relaxation work. CPMAS spectra showed that it contained at least two sets of broadened resonances (Fig. 2C) . A sample recrystallised from D 2 O had two sets of sharp 13 C resonances (Fig. 2D ). This sample showed two components in its proton T 1 (Fig. 3A) and T 1r (Fig. 3B ) relaxation processes. Cross polarisation at different points in the relaxation process (Fig. 4) showed that these two sets of 13 C resonances were associated with the two proton relaxation components. It seems therefore that two distinct crystalline forms are present. The CPMAS spectra show that one is the normal form seen in the protonated sample and the other is a different form. Using a small protonated cellobiose crystal as a seed, a D 2 O exchanged sample was crystallised from D 2 O by evaporation at room temperature, over P 2 O 5; in a desiccator. Its 13 C CPMAS spectrum (Fig. 2E ) was the same as that from the protonated cellobiose crystals and was used for 1 H NMR work. The slight linebroadening in Fig. 2E probably resulted from 13 C-deuterium dipolar interactions. H-D exchange in this sample is expected to be incomplete as the D 2 O solution has not been completely excluded from contact with air and exchange with protons was likely.
All solid samples were stored over P 2 O 5 in vacuo for at least 24 h before NMR measurements. The protonated and deuterated crystals were sealed into 5 mm NMR tubes for proton relaxation time measurements. 13 C CPMAS spectroscopy: All 13 C CPMAS spectra were recorded at about 300 K on a Bruker MSL-300 spectrometer equipped with a double bearing magic angle spinning probe head (BL-7 type), operating at 300:13 MHz for proton and 74:56 MHz for 13 C. Typically, about 200 mg sample was packed into a Zicornia rotor with a Kel-F cap and spun about 4 kHz. A single contact time of 1:2 ms was employed and the proton 908 pulse length was 4 ms. Glycine was used as an external reference (173:06 ppm for the carbonyl peak).
Temperature was controlled with a Bruker variable-temperature unit VT-1000. Ten Kelvin increments were used and experiments were always started from the lowest temperature. Fifteen minutes waiting time between each temperature change was allowed to assure temperature stabilisation and equilibration. The probe was always re-tuned for every 30-40 K to avoid the de-tuning effect of temperature changes.
T 1 was measured using a saturation recovery pulse sequence ½ð90
where 908 pulse length was 1-1:5 ms, t 1 was 50 ms and relaxation delay t was between 1 and 100 s depending on the number of data points collected and the length of T 1 . The dead time was 5 ms and recycle delay, 0:5 s. A single-point sampling method was employed to collect between 24 and 64 data points. The data were fitted to an exponential decay function to extract T 1 values. T 1r was measured using a standard spin-locking pulse sequence ½90 x 8 À t SL À AQ where the 908 pulse length was 4 ms and the spin-locking period, t SL , was between 10 and 40 ms depending on the length of T 1r . The probe ring down time was 5 ms. The recycle delay was five times T 1 wherever possible but with an upper limit of 100 s due to instrumental limitations. The data were fitted to an exponential function to obtain T 1r values.
M 2r was measured using the solid echo [27] pulse sequence ½90 x 8 À t 1 À 90 y 8 À t À AQ to obtain the complete Block decay signal [28] . The 908 pulse length was 1-1:5 ms, t 1 was 10 ms and t was chosen to be 4 ms, just to ensure observation of the echo maximum. The dwell time was 0:5 ms and recycle delay was five times of T 1 with an upper limit of 100 s as above. The decay part of the solid echo was fitted to a modified Gaussian function [9, 10, 12, 17, 29] to obtain the values of M 2r .
All relaxation time values were extracted by curve fitting using a LevenburgMarquardt non-linear curve-fitting routine installed in TableCurve TM 2D (Jandel Scientific) on a PC.
RESULTS AND DISCUSSIONS
13 C CPMAS Spectroscopy 13 C CPMAS NMR spectra of cellobiose crystallised from both H 2 O and D 2 O (Fig. 2) showed good resolution for all the carbon resonances except peaks (g) and (j), which arise from overlapping signals from two carbons. The resonances, assigned according to literature [3, 30] are tabulated in Table 1 . Amongst all carbon resonances, a, b, c, i and j can be unambiguously assigned C-1, C-1 0 , C-4, C-4 0 , C-6 and C-6 0 since they are well separated from other resonances. The remaining resonances cannot be assigned unambiguously just by comparison with the chemical shifts in solution state [30] because the isotropic chemical shifts in CPMAS spectra are determined to various degrees by (1) the molecular conformation in the solid 
SOLID-STATE NMR STUDIES OF CELLOBIOSE MOTIONS
state, (2) inter-and intra-molecular interactions such as hydrogen bonding patterns and (3) crystal packing [16, 31] .
In the solid state, the resonances of C-1, C-4, C-4 0 , C-6 and C-6 0 are all shifted to higher frequency to various extent compared with them in the solution state (Table 1) . Similar effects were also observed for methyl a-d-glucopyranoside [31] , glycosylated a-tocopherols [32] , galacturonic acid [16, 17] and its methylated derivatives [17] . Such differences probably result from the differences in the H-bond patterns in the solution and solid state.
For C-6/C-6 0 , however, conformational differences can be an important factor as well. Their chemical shifts have been found [33] to be dependent on the torsion angles O-6-C-6-C-5-C-4 or O-6 0 -C-6 0 -C-5 0 -C-4 0 . In the solid, the CH 2 OH groups are locked in particular conformations, whereas in solution rapid reorientation of
FIG. 4.
13 C PRISE spectra of (D) in Fig. 2 the CH 2 OH groups leads to observation of averaged effects. The values of 62:2 ppm for C-6/C-6 0 suggest that these carbons are in gt conformer [33] , i.e., O-6 is gauche to O-5 and trans to C-4 for C-6, and O-6 0 is gauche to O-5 0 and trans to C-4 0 for C-6 0 . This is in good agreement with the X-ray structure [20] .
Proton spin-lattice relaxation in the rotating frame Proton spin-lattice relaxation time in the rotating frame, T 1r , is sensitive to motions in the tens of kilohertz range. Single-exponential T 1r was observed for both cellobiose samples and the values fell in the range 0.12-1:18 s over the temperature range 120-380 K. The temperature dependence of the relaxation rate, R 1r , is shown in Fig. 5 . For the protonated sample, a double relaxation maximum of about 8 s À1 centred at about 200 K (Fig. 5A ). D 2 O exchange resulted in an apparent reduction of the maximum, hence the relaxation efficiency. This implies that the relaxation at 200 K corresponds, at least partially, to the motions of exchangeable protons and thus must be hydroxyl groups.
In order to analyse the relaxation processes further, the R 1r data were fitted to Eq. (1) [34] assuming a single correlation time and temperature independence of C [17, 35, 36] :
where o 0 is the proton Larmor frequency and t c the rotational correlation time of the motions responsible for the spin relaxation, which are assumed to follow the Arrhenius activation law: where t 0 is the pre-exponential factor, E a the activation energy and R the gas constant. C in Eq. (1) is the relaxation constant, which is related to that component of the second moment ðDM 2 Þ modulated by the motions [37, 38] as
where N is total number of protons or the relaxation load. o e in Eq. (1) is the effective field for relaxation in frequency units. The applied spin locking field strength, o SP , is about 63 kHz, the local field strength due to the dipolar interactions, o L; is about 40 kHz. Therefore, the McCall-Douglass [39] equation must be used:
Equation (1), which is the theory of Bloembergen et al. [40] , is only valid when t c 5T 2 , otherwise the Slichter-Ailion conditions [41] apply. At the maximum o e t c % 0:5 and t c is therefore about 1 ms and the use of Eq. (1) is therefore justified. In practice, o L is temperature dependent. For protonated cellobiose, this temperature dependence can be modelled by a double-Sigmoid function [17, 35, 42] , as shown in Eq. 
R 1r data of protonated cellobiose were fitted to Eqs. (1)- (5) assuming a single correlation time t c and temperature independence of inter-spin distances, r ik . Two processes were also assumed since a single-process assumption was not supported by the observation of a double maximum. Although the motional parameters so obtained (see Table 2 ) had large values for errors especially for t 0 , the activation energy values (8.36, 15:6 kJ=molÞ appear to be reasonably close to those attributed to OH motions in other sugars [37, 38, 43] . Neither of the processes seemed to correspond to the motions of CH 2 O groups, which is a relaxation pathway for sugars [44] and cellulose [45, 46] , since the activation energy for the motions of these groups is expected to be about 30-50 kJ=mol [37, 38, 43] . This two-processes behaviour implies that there are at least two sets of hydroxyl groups having slightly different dynamic behaviour. One possibility is that motional characteristics of these hydroxyl groups involved in intermolecular hydrogen bonding [21] (such as OH-1, OH-3, OH-6/6 0 , OH-4) differ from that of the non-hydrogen bonded hydroxyl groups. R 1r data of D 2 O exchanged cellobiose were also fitted to Eqs. (1)- (4) and (6) but as a single process (see Table 2 for results). The fitting is satisfactory and the activation energy, E a of 6:78 kJ=mol, is closer to that of OHs. The value of the relaxation constant, C, at 5 Â 10 6 s À2 is an order of magnitude smaller than that of OH's as expected since the protons are isotopically dilute. It is also 100 times smaller than that expected from CH 2 O groups [37, 38, 43] .
If CH 2 O groups in this sample have similar motional parameters to that in methyl b-d-glucoside ðC $ 7 À 10 Â 10 8 s À2 , t 0 $ 8 Â 10 À12 s and E a $ 45 kJ=mol) [37, 38, 43] , the R 1r maximum should appear at a much higher temperature ð> 400 KÞ. The current experimental temperature range probably covers only the beginning part of CH 2 O motional process. This implies that the process observed in D 2 O sample is mostly due to incomplete D-H exchange rather than motions of methylene groups. This is expected since air has not been excluded from the D 2 O solution during crystallisation.
Proton Spin-Lattice Relaxation in the Laboratory Frame
Crystallised cellobiose, in both protonated and deuterated forms, showed a single exponential decay for T 1 relaxation and the values fell in the range 9.1-117 s over the temperature range 120-380 K. The relaxation rates, R 1 , are shown as a function of temperature in Fig. 6 . For the protonated sample, a maximum rate of 0:11 s À1 is seen at about 300 K (Fig. 6A) , indicating an efficient proton relaxation process [17, 35, 36] . D 2 O exchange leads to a substantial decrease of the relaxation peak (Fig. 6B) , suggesting that the peak at 300 K is mostly attributable to the motion of the exchangeable protons, i.e., hydroxyl groups. This is consistent with what has been observed in the T 1r experiment (Fig. 5) . Nevertheless, D 2 O exchanged sample also shows a rising trend as temperature increases, indicating a peak at T > 380 K. Although this peak has not reached its maximum within the experimental temperature range, it may be the result of methylene group motion.
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To evaluate the data quantitatively, the data for the protonated sample was fitted to the two-component form similar to Eq. (1) [9, 47] assuming a single correlation time for each process and temperature independence of relaxation constant, C [10, 12, 17] :
where C; o 0 and t have the same meanings as Eqs. (1)-(4). Between 150 and 350 K, good agreement can be seen between the experimental data ( Fig. 6A ) and the predicted ones (thick solid line). The motional parameters from curve fitting are tabulated in Table 2 . The activation energy ðE a ; 8:7 kJ=molÞ value obtained for the first process is consistent with those obtained from T 1r data and those for motions of hydroxyl groups in other sugars [38] . Both C and t 0 values are also similar to those observed from b-d-allose [38] assuming a single potential barrier.
A clear discrepancy can be observed between the values for C obtained from T 1 and T 1r . When the curve fitting for T 1 is repeated constraining the E a values to those obtained from T 1r data (8.36 and 15:6 kJ=mol) (see Table 2 ), the results are still in good agreement with the experimental data (Fig. 6C) . The relaxation constant C is larger than the values obtained in the fitting to T 1r data. This has also been observed in comparable systems of sugars and amino acid derivatives [17, 35, 36, 42] though the discrepancy is generally smaller. Since the maxima in the T 1 and T 1r curves are about 100 K apart, the discrepancy can be probably explained by the effect of double potential well (or E a ) of the motions, where C becomes dependent on the temperature, as in the case of the monosaccharides [37, 38, 43] . However, the   FIG. 6 . Temperature dependence of the proton spin-lattice relaxation rate in the laboratory frame, R 1 , for cellobiose: (A) protonated crystals; (B) deuterated crystals; and (C) fitted by constraining E a values to that obtained from T 1r data; the solid lines are fitted data.
observation of one peak in R 1 and two peaks in R 1r may be indicative of a temperature effect on the distribution of hydrogen bond arrangements.
It was not possible to extract meaningful motional parameters ðC; t 0 ; E a Þ for the second process because the absence of a second maximum makes the prediction errors large. Nevertheless, the assumption of the second process improved the curvefitting quality significantly.
The data of deuterated sample (Fig. 6B) were also fitted to a two-process form of the expression since they could not be fitted satisfactorily to a single process. Although the agreement between the experimental data (Fig. 6B ) and the fitted curve (thin line in Fig. 6 ) is very good over the range 120-380 K, the errors for all parameters are substantial (Table 2 ). Nevertheless, a close inspection showed that E a value of the first process is close to that of hydroxyl group motions [38] , whereas the C value of the first process is much smaller than that contributed by all OH groups, as discussed in the case of T 1r . This implies that the first process is due to some remaining OH groups resulting from an incomplete D-H exchange. The fitted data for the second process suffer from the same problems as for the protonated material. So no further interpretation was attempted.
Proton Second Moment
As can be seen in Fig. 7 , the FID of cellobiose cannot be described by either a single Gaussian or a single exponential decay function. Nevertheless, a much better approximation can be made by a modified Gaussian function [29] , shown in Eq. (8), as in the cases of galacturonic acid and its methyl ester [9, 17] :
The oscillation on the FID was also observed for a saturated sugar solution [48] , maltose-water glasses [49] and plant cell walls [9, 10, 12, 17] . The rationale of using Eq. (8) is that the NMR spectrum of the protons is assumed to be a rectangular line shape with a total width 2b, convoluted with a Gaussian line shape with a standard deviation a [29, 50] . One of the most useful ways to evaluate this kind of FID is to use the residual second moment, M 2r , which is a measurement of the strength of the dipolar interactions and can be calculated as [29] 
In general, M 2r is expected to decrease when the motional correlation time t c is comparable to the inverse of line width, i.e., Figure 8 shows the temperature dependence of M 2r for both protonated (Fig. 8A ) and deuterated cellobiose (Fig. 8B) . It is apparent that D 2 O exchanged sample has a much smaller M 2r over the whole temperature range. This can be explained reasonably by the reduction of (proton) spin density after removal of exchangeable protons [9, 10, 12, 17] . For protonated sample (Fig. 8A) , there are three plateaux between 120 and 380 K and their values are tabulated in Table 3 . The first one appeared at 120-190 K with a value of 15:38 AE 0:14 G 2 . This is much smaller than the rigid-lattice second-moment value of 17:55 G 2 calculated using the lattice summation method [51] and the interproton distances indicated from the X-ray structure [21] . The X-ray structure suggested that the inter-proton distance between two protons on C-6 0 was 1:40 ( A A. This is much shorter than that measured in other sugars (1.55-1:80 ( A AÞ and even shorter than the inter-proton distance in water of crystallisation (1.414-1:52 ( A AÞ. If it is assumed that the actual distance is similar to that in methyl b-d-glucopyranoside ð1:6 ( A AÞ, the calculated rigid-lattice second-moment value would be 15:32 G 2 , which is in good agreement with the measured value. This also implies that the reported inter-proton distance from the X-ray diffraction experiments is in error.
The second plateau appeared in the temperature range 270-300 K having a value of 14:97 AE 0:46 G 2 , which agrees with the calculated value ð14:34 G 2 Þ taking the motions of all hydroxyl groups into consideration. The third one occurred at about T > 380 K with M 2r value of about 13:99 AE 0:48 G 2 . This is in accord with the calculated value ð13:31 G 2 Þ taking motions of both the hydroxyl groups and CH 2 O groups into account. These data support the assignment of the motions responsible for spin-lattice relaxation.
The second moment can be expressed [37, 38, 43, 52] as shown in Eq. (10). Thus, the experimental values of M 2r can be fitted to obtain values ( Table 2 ) of motional parameters ðC; t 0 and E a ) independently (from spin-lattice relaxation times) for the motions causing M 2r reductions.
However, even though a fit to the data may be obtained the results are subject to very large errors and cannot be considered as useful.
The M 2r values of D 2 O exchanged cellobiose showed two plateaux (Table 3) , and thus one reduction (300-380 K). The first plateau was between 120 and 290 K with a value of 11:32 AE 0:35 G 2 . This is smaller than the rigid-lattice second-moment value of 13:10 G 2 calculated for the D 2 O exchanged cellobiose with an assumption that it has exactly the same crystal structure as protonated cellobiose. The second one appeared at T > 380 K with a value of 10:08 AE 0:55 G 2 , which again is smaller than 
CONCLUSIONS
Proton spin relaxation time measurements provide a semiquantitative understanding of molecular motions in the crystalline cellobiose. It has found that the motions of the hydroxyl groups in cellobiose drive spin-lattice relaxation at lower temperatures and that at least two classes of dynamic behaviour exist. The reorientation of the hydroxymethylene groups is an efficient relaxation pathway only at high temperatures. Sugar ring puckering motions were not detectable in the solid state. Measurements of the rigid-lattice second moments have shown that there is a discrepancy between the measured values and those calculated using the published X-ray data. If it is assumed that the reported value for the inter-proton distance on C6 0 is in error, and that more typical values apply, the discrepancy can be rectified. Whilst the dynamics of crystalline cellobiose is important for understanding of the dynamics of cellulose in the crystalline form, glassy state cellobiose may provide a better model for cellulose in the amorphous form.
